Aim: Develop a nanofiber-based biomimetic coating on titanium (Ti) that mimicks the complex spatiotemporal organisation of the extracellular matrix (ECM). Methods:
contrast, the use of electrospinning technology for producing NFs has received much attention in tissue engineering. Electrospinning represents an attractive technique for the processing of polymeric biomaterials into NFs because it offers the opportunity for control over thickness, dimensionality, composition and orientation of the NFs using a relatively straightforward experimental setup. In addition, porosity of the developed meshes can also be controlled, allowing to better mimic the ECM organization (recently reviewed by Liu [10] ). However, there are only sparse studies reporting on the use of synthetic NFs for functionalization of Ti implants [17] .
Since proteins are difficult to electrospun and generate instable often highly degradable NFs [18] , in most cases NFs are generated using synthetic polymers with low rate of degradation such as polylactic acid (PLA) [19] , poly(ε-caprolactone) (PCL) [20] or copolyesters [21] , which exhibit also good mechanical properties. A general limitation of synthetic NFs however is the lack of cell-adhesive moieties. Several studies have been concentrated on the improvement of their biological properties by coating with proteins or peptides. For instance, fibronectin and fibronectin fragments coated NFs have been demonstrated to enhance cellular interaction [22] [23] [24] . Nonetheless, the activity of most of the cell-adhesive moieties, either adsorbed or chemically grafted on the surface of NFs, though supporting the initial cell adhesion, may be of concern due to the fast degradation of NFs [24] . Such degradation can diminish the number of exposed bioactive sequences, thereby reducing the capacity of NFs for further cell colonization. In this regard, production of hybrid NFs by co-electrospinning of polymer and cell adhesive peptides may overcome this hindrance since cell-adhesive moieties could continuously drift to the polymer surface despite degradation. In addition, generation of hybrid NFs by electrospinning is advantageous compared to nanotexturing of surfaces, since it allows to produce structures with both biomechanical and biochemical stimuli without additional biofunctionalization steps. There are a number of studies reporting for co-electrospinning of polymers and proteins, most of which using fibrillar proteins [25] [26] [27] . Previously, we also developed a novel type of fibrinogen/PLA hybrid NFs with improved mechanical properties versus the pure fibrinogen ones, which retained the good cell-recognition characteristics of the native fibrinogen [28, 29] . One step beyond is the co-electrospinning of polymers with recombinant proteins, which cannot form fibers by itself, but now offering unlimited potential to generate nanofibrous scaffolds that provide both mechanical support and instructive cues to the cells.
The present work aims to modify the Ti surface by coating with an ECM-like structure composed of PLA and fibronectin type III8-10 recombinant fragment for enhancing osteoblasts interaction and biological response. Both components were coelectrospun to generate hybrid NFs that were further covalently attached to the Ti surface.
The CAS fragment of fibronectin was added in the NFs to overcome the lack of cell adhesive capacity of PLA in order to improve cellular response. The biological response of these hybrid NFs was evaluated in terms of cell adhesion and overall cell morphology, proliferation and osteogenic differentiation of human osteoblast-like SaOS-2 cells. Pure PLA NFs and bare Ti were used as controls.
Materials & methods

Sample preparation
Commercially pure Ti grade II (Technalloy, Spain) discs of 10 mm diameter and 2 mm height were smoothed with wet grinding paper (800, 1200 and 2400) and then polished with a water suspension of 1 µm and 0.5 µm alumina particles. Mirror-like surfaces were rinsed in cyclohexane, isopropanol, distilled water, ethanol and acetone in an ultrasound bath and finally stored dried.
Sample silanization
Prior to silanization, samples were activated by 5 min argon plasma treatment at 100 W in a Standard Plasma System (FEMTO, Germany). Silanization was performed by immersing samples in 2% (v/v) APTES (Sigma-Aldrich, USA) in anhydrous toluene at 70ºC for 1h under agitation and nitrogen atmosphere. Then samples were sonicated for 5 min in toluene followed by rinsing with toluene, acetone, isopropanol, distilled water, ethanol and acetone. Samples were incubated at 120ºC for 5 min to increase the stable interaction of silanes with the surface. Afterwards, samples were immersed in a 7.5 mM solution of N-succinimidyl-3-malimidopropionate (SMP) crosslinking agent in N,Ndimethylformamide (DMF) for 1h under agitation at RT. Cross-linked samples were rinsed in DMF, acetone, distilled water, ethanol, acetone and nitrogen dried.
Synthesis of fibronectin recombinant protein
Human fibronectin fragment CAS, spanning the 8-10th type III repeat, was produced by standard recombinant DNA techniques as previously described [6] . Briefly, cDNA obtained from SaOS-2 cells was inserted into a pGEX-6P-1 plasmid (GE Healthcare, UK) and amplified in DH5α cells (Invitrogen, USA). Constructs were then isolated, purified and sequenced. BL21 cells (New England BioLabs, UK) were transformed with the correct insert and the resulting colonies were dynamically cultured in LB broth at 37ºC with 100 µg/ml. Protein production was induced by adding 1 mM isopropyl β-D-1thiogalactopyranoside (IPTG) during 4h. Bacterial suspensions were centrifuged, resuspended and sonicated. Lysed bacteria were centrifuged and the CAS fragment was purified from the resulting supernatant using a GSTrap affinity column (GE Healthcare).
GST-tag was removed on-column and the purified CAS fragment was resolved by electrophoresis. The protein concentration was quantified by BCA method.
Electrospinning
Both CAS recombinant fragment and poly(L-lactide-co-D,L-lactide) (PLA) were dissolved in 1-1-1,3-3-3-hexafluoroisopropanol (HFIP) and mixed at final concentrations of 100 µg/ml and 4%, respectively. The obtained solution was loaded in a conventional 10 ml syringe and extruded through a trimmed needle using a syringe pump (Aitecs, Lithuania). NFs were randomly deposited onto silanized Ti discs by electrospinning the solution for 2 min under electric field generated by a high voltage supply (Glassman High Voltage Inc., USA). The applied voltage was 30 kV, the distance between the needle tip and the collector was 125 mm and the pump flow rate was 0.5 ml/h. NFs of PLA without CAS fragment were used as separate samples. NFs of both PLA and CAS/PLA were also deposited onto plain Ti and plasma activated Ti for the dettachment test.
Nanofibers characterization
Morphology
The electrospun PLA and CAS/PLA NFs were morphologically characterized by scanning electron microscopy (SEM, Jeol JSM-7001F, Japan). SEM images were acquired at an accelerating voltage of 5 kV. Nanofiber diameters were calculated using the SmartTiff software (Carl Zeiss, Germany).
Roughness characterization
Surface roughness was evaluated using a white light interferometer microscope (Wyko NT9300 Optical Profiler, Veeco Instruments, USA) in vertical scanning interferometry mode. Four different samples for each condition were measured at three different positions. Data filtering and analysis were performed with Wyko Vision 4.10 software (Veeco Instruments). A Fourier filter with cut-off between 5 and 1500 nm was used to remove waviness of nanofibers. The average roughness (Ra), which is the arithmetic average of the absolute values of the surface departures from the mean plane, was characterized.
CAS integration within fibers
The presence of CAS fragment in CAS/PLA NFs was confirmed by staining of CAS with Atto 550 NHS ester (Sigma-Aldrich) fluorescence probe before electrospinning the mixture. Briefly, the CAS fragment was incubated with 10 µg of Atto 550 NHS ester in 0.1 M bicarbonate buffer for 2h at RT in dark. Then, the labeled protein was separated from unreacted dye by gel permeation chromatography using a Sephadex G-25 column (Sigma-Aldrich). The column was previously equilibrated with phosphate-buffered saline (PBS) at a flow rate of 3.64 ml/min using a peristaltic pump. The labeled CAS was loaded at a flow rate of 2 ml/min and eluted with PBS. Fractions were quantified spectrophotometrically at 280 nm and confirmed by BSA method while the fluorescence was measured using a fluorescent photometer FluoroMax-4, Horiba-Jobin Yvon set at 520 nm excitation and 542 nm emission. Labeled CAS was mixed with PLA and electrospun as above. The fluorescent CAS in the CAS/PLA NFs was observed morphologically and photographed using an Axio Observer Z1 fluorescence microscope (Carl Zeiss). PLA NFs without CAS fragment were used as negative control.
Superficial availability of CAS fragment
The presence of available CAS on the surface of CAS/PLA NFs was evaluated by immunostaining. For that purpose the electrospun NFs were fixed with 4% paraformaldehyde (PFA) for 20 min and rinsed three times in buffer (20 mM glycine in PBS). Samples were further blocked with 1% bovine serum albumin (BSA) for 15 min and incubated with rabbit anti-human fibronectin antibody (1:300; Sigma-Aldrich) in 1% BSA for 1h, followed by three more washes as above. Then, samples were incubated with Alexa Fluor® 488 goat anti-mouse antibody (1:1000) (Invitrogen) for 1h and rinsed twice before mounted in Mowiol. Images were acquired using an E600 fluorescence microscope (Nikon, Japan) and processed with Cell F software (Olympus, Japan).
Solvent stability and detachment from supports
The release of CAS fragment from hybrid CAS/PLA NFs over time was evaluated by measuring the fluorescent signal from Atto-abelled CAS in the medium. For this purpose, Atto labeled fluorescent CAS was electrospun together with PLA and resulting NFs incubated in McCoy's 5A medium (Sigma-Aldrich) at 37ºC and 5% CO2 in a humidified atmosphere. The media were collected at day 1, 3 and 7 and the released fluorescence was quantified as described above at 494 nm excitation and 525 nm emission correcting for the auto fluorescence of the medium.
To verify the attachment stability of NFs to supports, triplicate samples were immersed in 5 ml PBS and placed in an ultrasound bath for 20 min. The detachment of NFs was evaluated visually and the time of detachment was considered when NFs were completely detached from the support. In the case they were still attached after 20 min sonication (>20 min) the fibers were accepted as stably attached.
Biological characterization
Cell culture
Human osteoblast-like SaOS-2 cells (ATCC, USA) were used as in vitro model for studying the bioactivity of NFs due to their homogeneity and their osteoblastic expression profile [30] . SaOS-2 cells were cultured in McCoy's 5A medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS), penicillin (50 U/ml), streptomycin (50 µg/ml), sodium pyruvate (1 mM), L-glutamine (2 mM) and HEPES (20 mM) (all from Invitrogen) at 37ºC and 5% CO2 in a humidified atmosphere. Medium was changed every two days and about confluent cells were harvested for the experiments using TrypLE reagent (Invitrogen).
Cell adhesion
Cells (40x10 3 ) suspended in serum-free medium were seeded onto each sample and allowed to adhere for 4h. Then, samples were washed with PBS and the attached cells were lysed with 300 µl of M-PER (Mammalian Protein Extraction Reagent; Thermo Scientific, USA). The relative number of attached cells was quantified by measuring the lactate dehydrogenase (LDH) activity using the Cytotoxicity Detection Kit PLUS LDH (Roche Applied Science, Germany). The samples were measured spectrophotometrically at 492 nm using a PowerWave HT microplate reader (Bio-Tek Instruments, USA) and the number of cells was calculated using a calibration curve prepared with known cell numbers.
Cell spreading assay
The cells, fixed as above, were washed three times with PBS, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 5 min, blocked with 1% BSA in PBS for 30 min and incubated in Alexa Fluor® 546 Phalloidin (1:300; Invitrogen) for 30 min to view the actin cytoskeleton. Samples were further washed and mounted in Mowiol 488 to be visualized and photographed on fluorescent microscope as above. The area of cells spreading was calculated from at least five randomly acquired images using the corresponding ImageJ software (NIH, USA).
Cell proliferation
Cell proliferation was measured by LDH assay as above. SaOS-2 cells were seeded at 4x10 4 cells per sample in serum free medium. After 4h, 10% serum was added and the medium exchanged each two days. At days 3, 7, 14 and 21 the samples were washed with PBS and lysed with 300 µl of M-PER. The number of cells at each time point was calculated by measuring the LDH as explained above.
Cell differentiation
The osteoblastic cell differentiation was assessed by measuring the alkaline phosphatase 
Statistical analysis
All experiments were performed in triplicates. The data are presented as mean ± SEM (standard error of the mean). A non-parametric Kruskal-Wallis test followed by Mann-Whitney test with Bonferroni correction was used to determine statistically significant differences with p<0.05.
Results
Characterization of nanofibers
Electrospun PLA and CAS/PLA NFs were randomly deposited over the polished Ti surface (Figs. 1A and 1B) resulting in a homogenous NFs layer. Pure PLA NFs showed an average diameter of 220 ± 4 nm (Fig. 1C) . In contrast, CAS/PLA NF presented a bimodal distribution, with an average diameter of thicker fibers 361 ± 16 nm and of thin fibers 95 ± 10 nm.
Similar higher values for the surface roughness were observed for PLA and CAS/PLA NFs, which were approximately 1000 nm (Fig. 2 ), compared to plain Ti.
The integration of CAS inside the PLA NFs was monitored observing the fluorescence of Atto-conjugated CAS containing samples. No fluorescence was found from plane PLA NFs ( Fig. 2A) while CAS/PLA NFs were intensively stained ( Fig. 2B) confirming the incorporation of fragment. The presence of CAS at the surface of PLA NFs was further monitored by immunostaining. Fluorescence signal was only observed in CAS/PLA NFs (Fig. 2D ) and again no signal of nonspecific fluorescence was detected from pure PLA NFs (Fig. 2C ).
The stability of CAS incorporation in CAS/PLA NFs upon incubation in cell culture medium was estimated by measuring the release of Atto 550-labeled CAS during different time periods ( Fig. 3 ). High release of CAS was observed at day 1, followed by sustained increase of the fluorescence signal at days 3 and 7 of incubation.
The attachment stability of NFs on the Ti surface was evaluated by sonication (Table 1 ). In the case of pure PLA NFs the stability increased after plasma and plasma plus silanization (APTES) treatments. In the latter case they remained completely attached to the surface even after 20 min of sonication. Interestingly the presence of CAS in PLA NFs increased their stability even without any treatment.
Cell adhesion
The number of cells adhered to PLA and CAS/PLA NFs after 4h of incubation was similar, showing no statistically significant differences when compared to Ti without NFs ( Fig. 4A) . However, the cell spreading area increased significantly, approximately two times on pure PLA NFs and 2.5 times in the presence of CAS compared to the bare Ti surface (Fig. 4B) . In general, the cells cultured on Ti surface showed a rather rounded morphology with less developed actin cytoskeleton (Fig. 4C) , visible on the high magnification images (Fig. 4F ). On PLA NFs the cells spread better, some of them developing well organized actin stress fibers ( Figs. 4D and 4G ). In the presence of CAS however almost all cells presented a flattened morphology with well-developed actin cytoskeleton ( Figs. 4E and 4H ).
Cell proliferation
The number of cells increased gradually with the time of culture at all surfaces ( Fig. 5A) but with a clear tendency for better cell growth on the samples containing NFs, showing statistically significant differences already after 3 days compared to bare Ti. The number of cells however was significantly higher on CAS/PLA NFs, compared to all other samples at days 14 and 21.
Cell differentiation
The differentiation of pre-osteoblastic SaOS-2 cells into the osteoblastic phenotype was evaluated by measuring the ALP activity. ALP levels increased with time in all substrates, but no significant differences between them was found at 3, 7 and 14 days of culture ( Fig.   5B ). There was however a statistically significant increase in the ALP activity at day 21 on both NFs-coated surfaces compared to bare Ti but markedly higher when the NFs contained the CAS fragment. ALP activity was approximately 1.5 times higher on pure PLA NFs and 2.5 times more on CAS/PLA NFs compared to bare Ti.
Discussion
This paper describes an innovative strategy to overcome the lack of bioactivity of Ti implants through creating an ECM-like microenvironment on their surface that mimics to some extent the natural spatiotemporal cues of the bone connective tissue. In this respect the use of electrospun NFs provide many advantages due to the structural similarity with ECM fibers [10] . NFs itself provide organizational cues that are recognized by the cells as ECM specific stimuli. On the other hand however the successful cellular interaction require the same level of stiffness between cells and surrounding matrix [31, 32] , which is obviously not the case with metal implants. The nanofibers coating however, to our view overcome this obstacle.
Metals are commonly used as collector for electrospun fibers, and therefore it is relatively straight forward to use NFs for coating metal implants, and it is the case also for Ti. It was previously shown for example that the deposition of PCL NFs on Ti surface improve significantly the interaction with cells [20] . Likewise our results demonstrate that SaOS-2 cells spread better on PLA NFs coated compared to bare Ti surface, which suggests that the fibrilar environment itself enhances cell adhesion, apart from the specific effect of CAS functionalization. Similar cell behaviour was already observed in our previous study utilising fibrinogen based NFs [18, 29] where a significant increase in the attachment and spreading area of endothelial cells was found when compared to flat fibrinogen-coated surface. The mechanism of this effect of NFs is not entirely clear though it is generally accepted that the geometry of substratum is a key parameter for the successful cellular interaction and has to be considered when engineer biomimetic surfaces [11, 33, 34] . Indeed, distinct organizational features are strongly influential in directing cell behaviour and functionality [34, 35] , and within them the NFs receive a considerable attention [10] .
An important issue is the successful adhesion of NFs to the implant surface avoiding their peeling off in vivo. Herein, we proposed to chemically bond the NFs to the Ti surface, a methodology commonly used for attaching soluble biomolecules [6, 36] . The use of SMP as crosslinking reagent generates carboxyl groups which interact with the PLA side chains thus producing a covalent bonding. Indeed we show that the silanization of Ti samples substantially increased the binding stability of PLA NFs compared to plasma-activated and bare Ti samples ( Table 1 ). The presence of CAS within the hybrid NFs also increased their binding to the Ti surface, even without any surface treatment, probably due to the better adsorption of the peptide content. It is important to highlight however that only attachment strength of NFs on Ti surface has been evaluated and further experiments should be performed to ensure mechanical stability of NFs in in vivo situations. It has to be mentioned also that a portion of thinner nanofibers were obtained when PLA was co-electrospun with CAS fragment leading to a bimodal size distribution.
Presumably it is connected with the heterogeneity of the polymer mixture [37] , but it is worthy to mention that thinner fibers attach better to the surfaces.
The main advantage of co-electrospinning of a polymer with non-crosslinked peptide is that during the degradation of the polymer, new peptide molecules will appear at the polymer surface assuring sustained bioactivity. This was demonstrated in the present study by the continuous release of fluorescently labelled CAS fragment to the medium also by the sustained bioactivity [38] obviously preserved during the electrospinning process [39] .
Apart from the beneficial effect of NFs itself, confirming our previous and also other studies [10, 18, 29, 34] , a particularly important and novel observation is that CAS fragment further improve the cellular interaction and functionality of SaOS-2 cells. CAS functionalization did not affect cell attachment but increased significantly cell spreading.
This effect should be attributed to the presence of RGD and PHSRN motifs in an appropriate three dimensional conformation. The RGD sequence is recognized by several integrins [40] , therefore, this peptide has been widely used for functionalization of biomaterials, including PLA [41] . However, although RGD induces cell adhesion its involvement in cell spreading is still on controversy. Several studies point out the requirement of additional sequences for promoting focal adhesion complexes formation and cell spreading initiation. Indeed, combination of RGD with other synergistic sequences, such as PHSRN of fibronectin, have demonstrated to improve initial cellular interaction and spreading [42] . Nonetheless, presentation of both RGD and PHSRN sequences at appropriate configuration is crucial to maintain their synergic activity [36, 43, 44] , which is obviously the case in our CAS fragment. Indeed, our previous studies and also other authors demonstrated a clear cell spreading potency of this recombinant fragment on mesenchymal stem cells [5, 6, 45] and osteoblasts [46, 47] . The interaction of cells with CAS fragment goes via the integrin receptors, mainly α5β1, which induces the formation of focal adhesion complexes and FAK phosphorylation [48] . The later is responsible for the activation of distinct signalling cascades that regulate actin polymerization and cytoskeleton reorganization resulting in cell spreading, an event crucial for the regulation of cell survival, proliferation and differentiation [49] .
In addition, CAS fragment has also been demonstrated to induce cell proliferation at similar levels to that of full-length fibronectin [6, 50] . This effect, observed also in this study, is presumably due to the activation of α5β1 integrin signalling cascade, which is shown to be important for maintaining the osteoblast cell cycle [51, 52] . Although the optimal cellular responses require the presence of the HBII recombinant domain [6] , which acts in synergy with CAS due to the growth factor binding capacity [53] , in the present study we observed another synergistic effect, between the nanofibrous environment and the CAS fragment, without the necessity of the HBII contribution. The presence of additional nano-dimensional features obviously enhances independently cell adhesion (as discussed above) and proliferation [54] . It is important to mention that the This synergistic effect of CAS and the nanofibers environment could also explain the increased differentiation potential of osteoblastic cells on CAS/PLA NFs. Osteoblast differentiation can be induced by several routes and one of them includes the topographical modifications [55, 56] though distinct chemical stimuli also play role. For instance, the CAS fragment has been described to induce cell differentiation at similar levels to native fibronectin [52] . Cell differentiation requires activation of different pathways that converge into increased expression of RUNX2-regulated genes [57, 58] , which in turn regulate the ALP activity. The present study demonstrates a significant increase in ALP activity in CAS containing NFs versus pure PLA NFs, but both overriding the bare Ti surface, thus confirming the existence of a synergistic effect.
Conclusion
Collectively, this study shows that the co-electrospinning of polymer and recombinant protein molecules is a promising strategy to combine biomechanical and bioactive signals, thereby generating ECM-like stimuli on Ti surfaces. In particular, the coating of To the best of our knowledge, this is the first work that shows hybrid NFs containing a recombinant protein, which offers virtually unlimited potential for the future use of NFs in regenerative medicine. Plasma + APTES >20 min >20 min indicates statistically significant differences compared to plain Ti ("a" corresponds to P < 0.05 and "aa" corresponds to P < 0.01) and letter "b" indicates statistical significant differences compared to PLA NFs ("b" corresponds to P < 0.05 and "bb" corresponds to P < 0.01). 
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